Background: Single, isolated hypotensive blood pressure (BP) measurements frequently are ignored or considered "erroneous." Although their clinical significance remains unknown, we hypothesized that single, isolated hypotensive BP readings during trauma resuscitations signify the presence of severe injuries that often warrant immediate intervention. Methods: A prospective observational study was performed on all trauma patients admitted from June 2008 to January 2009. Patients with a single systolic blood pressure (SBP) reading Ͻ110 mm Hg during their trauma resuscitation were evaluated, and demographics, hemodynamics, resuscitation (fluids, blood products, and duration), injuries, and operative or endovascular management were analyzed. Single and multiple variable logistic regression analyses were performed. Cutpoint analysis of the entire range of lowest single SBP measurements determined which SBP value best predicted the need for immediate therapeutic intervention. Results: Patients (n ϭ 145) were predominantly male (77.2%) but age (mean, 35.1 Ϯ 15.3 years) and injury mechanisms varied (penetrating, 46.2%; blunt, 53.8%). Cutpoint analysis determined that a single SBP reading Ͻ105 mm Hg best predicted the need for immediate therapeutic intervention. Although 38.1% patients with isolated SBP Ͻ105 mm Hg measurements underwent immediate therapeutic operative or endovascular procedures, only 10.4% (p Ͻ 0.001) with isolated SBP Ն105 mm Hg required these procedures. Patients were 12.4 times (confidence interval: 2.6 -59.2; p ϭ 0.002) more likely to undergo immediate therapeutic intervention than those with a single SBP Ն105 mm Hg. Conclusions: Single, isolated hypotensive BP measurements during trauma resuscitations should not be ignored or dismissed. Instead, our results suggest that a single SBP reading Ͻ105 mm Hg is associated with severe injuries that often require immediate operative or endovascular treatment and surgical intensive care unit admission.
A dvanced Trauma Life Support teaches that hemorrhagic shock is not clinically evident until tachycardia and narrowed pulse pressure develops during a 15% to 30% blood volume, class II hemorrhage. 1 Hypotension becomes clinically apparent during class III hemorrhage when Ͼ1,500 mL of blood, or 30% of circulating blood volume, is lost. 1 Despite this well-established classification scheme, tachycardia in trauma patients may be an unreliable indicator of injury, [2] [3] [4] [5] [6] [7] [8] [9] and persistent hypotension is often a late manifestation of shock that becomes evident once end-organ damage has already begun in the decompensated shock state. 10 -13 However, brief episodes of hypotension may be an early indication of impending shock. Transient hypotension during prehospital care or in the surgical intensive care unit (ICU) has been reported and determined to be predictive of both severe injury and poor outcome. 14 -21 Despite these reports, single, isolated hypotensive blood pressure (BP) measurements during trauma resuscitations are often ignored or considered "erroneous."
Although their significance remains unknown, we hypothesized that a single, isolated hypotensive BP reading during trauma resuscitations indicates the presence of severe injuries that warrant immediate operation. Our primary study objective was to prove that these single, isolated hypotensive BP measurements should not be dismissed but instead should alert the clinician to the presence of injuries that require immediate operative or endovascular treatment. To this end, we also sought to determine a single hypotensive BP "cutpoint" value; measurements below which indicate the greatest likelihood of immediate therapeutic intervention.
METHODS
After Institutional Review Board approval, a prospective observational study was performed on all trauma patients admitted from June 2008 through January 2009 at Temple University Hospital. All patients with a single systolic BP (SBP) reading Ͻ110 mm Hg during their initial trauma resuscitation were evaluated. Patients between 18 years and 88 years, regardless of injury mechanism, were eligible. Patients who were transferred from outside hospitals, injured Ͼ2 hours before emergency department (ED) arrival, managed initially by ED staff, or who had only isolated prehospital hypotension were excluded. Also excluded were the patients with two or greater SBP measurements Ͻ90 mm Hg during their initial trauma resuscitation. Patients with a single SBP reading Ͻ90 mm Hg but with other measurements between 90 mm Hg and 110 mm Hg were included in the study to allow a cutpoint analysis to determine which single SBP cutpoint value was most associated with the need for urgent operation. The final study population comprised 145 patients.
All patients with a single SBP measurement Ͻ105 mm Hg during their initial trauma resuscitation were categorized as "Ͻ105 mm Hg," regardless of other 105 mm Hg to 110 mm Hg measurements. Furthermore, all patients with at least one SBP measurement within the 105 mm Hg to 110 mm Hg range but no measurement Ͻ105 mm Hg during their initial trauma resuscitation were categorized as "Ն105 mm Hg," regardless of the number of SBP readings within these limits.
Admission data analyzed included demographics, antihypertensive medications, intoxication, injury mechanism, prehospital hemodynamics and resuscitation, Injury Severity Score (ISS), Glasgow Coma Scale score, and serum lactate. Alcohol intoxication was defined by a blood alcohol level Ͼ80 mg/dL. On admission, trauma resuscitation parameters including lowest SBP, total number of BP measurements, and total initial trauma resuscitation time were analyzed. Resuscitation time was defined as the elapsed time beginning with the trauma team activation and ending with the completion of computed tomography studies after the initial trauma resuscitation. The initial BP was manually obtained within 10 minutes of arrival to the ED. The remainder of recorded BPs were automatically measured (Duracheck blood pressure cuffs [Zefon International, Ocala, FL] with Datascope Passport 2 bedside monitors [Datascope, Mahwah, NJ]) for a minimum of every 5 minutes for the first 15 minutes, then every 15 minutes for the first hour, and then hourly thereafter. All BPs were documented on the trauma flow sheet by the trauma nurse. On a daily basis, data from trauma flow sheets were then transferred to the study database.
Hemodynamics and resuscitation with blood products or intravenous fluids during this time period were recorded and analyzed. All SBP measurements Ͻ90, 100, and 110 mm Hg and all heart rates Ͼ100, 110, and 120 bpm were categorized and assessed. Outcomes including immediate operative or endovascular procedures, operative resuscitation, ICU admission, hospital length of stay (LOS), and survival were analyzed. "Immediate" procedures were defined as any operating room procedure, excluding operative repair of soft tissue lacerations, performed immediately after the initial trauma resuscitation period. Procedures performed in the operating theater later, after the "immediate" period, were defined as additional operative procedures. Operative procedures were considered nontherapeutic if no intervention or repair was required during the surgical procedure (e.g., small and nonbleeding liver laceration). Endovascular procedures were defined as nontherapeutic when contrast angiography without angiographic embolization was performed.
The primary study endpoint was a need for immediate therapeutic intervention. Means are accompanied by standard deviations. Categorical and continuous variables were analyzed using Fisher's Exact Test and Student's t test, respectively. Single and multiple variable logistic regression analyses were used to determine predictors of the primary study endpoint. Significant univariate predictors were included in a multiple logistic regression model to determine independent/adjusted predictors. A cutpoint analysis of the entire range of lowest single SBP measurements was then performed to determine which SBP best predicted the need for immediate operation. Locally weighted regression was used to determine inflection points in the relationship of lowest SBP measurement to immediate operative intervention based on the Pearson residuals. Based on observed inflection points, several cutpoints for the lowest SBP measurement were chosen. These were substituted into the multivariate model and tested for the best fit based on Ϫ2 log likelihood values. A p value Յ0.05 was considered statistically significant. Data were analyzed using SAS V9.1.3 (SAS Institute, Cary, NC).
RESULTS
Although 4.8% of study patients (n ϭ 145) were hypotensive during prehospital care, 30.3% had isolated SBP measurements Ͻ90 mm Hg during the initial trauma resuscitation. The mean lowest SBP was 97.0 mm Hg Ϯ 12.0 mm Hg (mean Ϯ standard deviation) during a mean of 6.8 Ϯ 2.4 BP measurements per patient. Overall, patients commonly underwent immediate operative or endovascular intervention (33.8%) and required ICU admission (44.8%) although hospital survival was favorable (97.9%).
To determine which isolated SBP value best predicted the need for immediate operation, a cutpoint analysis of the entire range of lowest single SBP measurements was performed ( Fig. 1, A and B). When several lowest single SBP cutpoints were tested, an isolated SBP Ͻ105 mm Hg proved to be the cutpoint SBP with best model fit and thus most predictive of immediate operative intervention.
After this cutpoint value was established, patients were compared on the basis of the lowest isolated SBP measurement (Ͻ105 mm Hg vs. Ն105 mm Hg) in Table 1 . Patients with a single SBP Ͻ105 mm Hg reading during their initial trauma resuscitation more often suffered penetrating injuries (p ϭ 0.025) with greater mean ISSs (p ϭ 0.002) and had lower mean admission and "lowest" BPs (p Ͻ0.001) despite more aggressive administration of intravenous fluids (p ϭ 0.004) in the ED than those with isolated SBP Ն105 mm Hg measurements. Furthermore, patients with isolated SBP readings Ͻ105 mm Hg were more likely to undergo immediate therapeutic operative or endovascular procedures ( Fig. 2 ; p Ͻ 0.001), more likely to require admission to the surgical ICU (p ϭ 0.001), and had a prolonged hospital LOS (p ϭ 0.009) when compared with patients with single SBP measurements Ն105 mm Hg.
Predictors of the primary study endpoint, need for immediate therapeutic intervention, were assessed with single and multiple variable logistic regression analyses ( Table 2 ). Parameters that independently influenced the need for immediate therapeutic intervention included gunshot wound injury mechanism, ISS, isolated SBP Ͻ105 mm Hg, and initial resuscitation duration. Patients with an isolated SBP Ͻ105 mm Hg measurements were Ͼ12 times as likely to undergo 
DISCUSSION
The most important finding of this prospective study of patients with isolated hypotensive SBP measurements was that a single SBP reading Ͻ105 mm Hg during trauma resuscitations indicated severe injury. Patients with isolated SBP Ͻ105 mm Hg measurements were ϳ12.4 times more likely to require immediate therapeutic operative or endovascular procedures than those with single SBP readings Ն105 mm Hg. These patients commonly required additional operative procedures (30%), surgical ICU admission (54%), and prolonged hospital LOS (mean, 8.3 Ϯ 10.7 days). Our findings suggest that isolated hypotensive SBP measurements during an initial trauma resuscitation should not be ignored or considered erroneous but should raise suspicion for severe underlying injury. By analyzing the entire range of lowest SBP values, we have determined that an isolated SBP Ͻ105 mm Hg measurement was the cutpoint value most predictive of immediate operative intervention. This finding corroborates recent work that has questioned whether hypotension is best defined by a value of 110 mm Hg rather than 90 mm Hg. 10 -13 Bruns et al. 10 sought to determine the association between prehospital SBP and death, attempting to refine prehospital triage criteria. When patients were stratified by prehospital BP, inhospital mortality increased dramatically when prehospital SBP was Ͻ110 mm Hg. Eastridge et al. 11 analyzed the National Trauma Data Bank to find that with SBP values below 110 mm Hg, nearly a 5% increase in mortality accompanied each 10 mm Hg decrease in admission SBP until a maximum mortality rate was reached at 60 mm Hg. The authors argued that the appearance of admission hypotension does not mark the beginning of circulatory failure but rather the beginning of physiologic decompensation. We have studied the effects that the depth of single, isolated hypotension measurements during initial trauma resuscitations had on clinical outcomes. Although a 105 mm Hg cutpoint value was found to be most predictive, patients with SBP 105 mm Hg to 110 mm Hg readings were also evaluated in this report. Patients with measurements within this SBP range required immediate procedures (13%) and surgical ICU admission (25%) although survival was universal (100%). By comparison, 11.4% of all 1,608 trauma activations at Temple Hospital were transported immediately to the operating room from the trauma resuscitation area during this 7-month study period.
To the best of our knowledge, no previous report has attempted to describe the implications of single, isolated hypotensive SBP measurements during trauma resuscitations. The effects of transient, prehospital hypotension on outcomes have been well documented. 10,11,14 -20 Codner et al. 15 found that patients with prehospital hypotension and normal ED BPs were often severely injured, requiring surgery or ICU admission. Shapiro et al. 20 correlated prehospital hypotension in helicopter-transported trauma patients with normal ED BPs to outcomes and reported that patients with prehospital hypotension were 2.9 times more likely to require chest or abdominal surgery and 4.4 times as likely to die as those without hypotension. In a prospective analysis of 1,067 patients, Lipsky et al. 18 determined that patients with prehospital hypotension were more likely to undergo emergent therapeutic operations and also more likely to die than those without prehospital hypotension. Taken together, these studies indicate that reports of prehospital hypotension from Emergency Medical Services should not be ignored or considered erroneous but instead signify severe injury often requiring surgical repair or ICU admission. 10,11,14 -20 Although prehospital hypotension was infrequent in our study population, we did find that single, isolated hypotensive BP measurements during trauma resuscitations often indicate the presence of severe injuries that warrant immediate surgery or ICU admission.
Others have compared outcomes in patients with prehospital hypotension to those with either admission or sustained hypotension in the ED. 16, 17, 22, 23 Franklin et al. 16 analyzed 791 patients with prehospital hypotension defined by SBP Ͻ90 mm Hg to find a strong correlation between postinjury hypotension and need for operative intervention. Although 52% of patients who were hypotensive during both prehospital and ED care required an urgent operation, those who were either hypotensive in the field or ED still underwent emergent operation 45% and 47% of the time, respectively. In a large retrospective review of OR, odds ratio; CI, confidence interval; mm Hg, millimeters of mercury; GCS, Glasgow coma scale score; DBP, diastolic blood pressure; HR, heart rate; bpm, beats per minute; IVF, intravenous fluids.
Single and multiple variable logistic regression analyses were used to determine predictors of the primary study endpoint, need for immediate therapeutic intervention.
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19,409 patients, Arbabi et al. 22 compared prehospital SBP to ED SBP. When the authors stratified SBP by severity, only 60% of field and ED SBP were in the same category. ED BP proved to be a better predictor of outcome compared with field BP. Although these reports have offered convincing evidence that the presence of either prehospital or ED hypotension adversely affects outcomes, 16, 17, 22, 23 we have correlated the depth of isolated hypotensive readings to outcome-need for an immediate operation. Because of a different study focus, single hypotensive measurements during trauma resuscitations, and the infrequency of prehospital hypotension in our study population, we were unable to correlate prehospital and ED values. One previous report is similar in concept to this report. Although the study focused on a different resuscitation phase, Zenati et al. 21 prospectively reviewed all trauma patients admitted to the surgical ICU for Ͼ48 hours and correlated their lowest systolic BP and duration of hypotensive episodes Ͻ90 mm Hg to outcomes. Brief hypotension (Ͻ10 minutes) in the ICU significantly impacted outcomes. Although outcomes were associated with the depth and duration of ICU hypotension, both ICU LOS and mortality were increased in patients with only brief episodes of hypotension in the ICU.
We have analyzed several other potential outcome predictors in addition to isolated trauma resuscitation hypotension. Although gunshot wound injury was related to the need for immediate therapeutic intervention, presenting physiology, namely single SBP Ͻ105 mm Hg readings, proved to be an independent clinical outcome predictor regardless of the causative injury mechanism. The presence of tachycardia was unrelated to outcomes, supporting previous reports which have described tachycardia as an inaccurate injury predictor in trauma patients. Although the need for immediate therapeutic operative or endovascular intervention was the primary study endpoint, hospital survival was also assessed. Ninety-seven percent of patients with single SBP Ͻ105 mm Hg measurements survived despite often requiring immediate operative intervention, surgical ICU admission, and prolonged hospital LOS. One explanation for this favorable survival rate is that these isolated hypotensive measurements are early indicators of severe injury. Although further study is warranted, timely, aggressive operative or endovascular intervention and close hemodynamic monitoring in a surgical ICU likely are responsible for the favorable survival in this injured population.
We acknowledge our study limitations. By using patients with 105 mm Hg to 110 mm Hg SBP readings as a comparison group instead of normotensive patients, the significance of isolated hypotensive measurements may be underestimated in this report. Patients with brain and spinal cord injuries were included in this investigation and may potentially confound our analysis. Prehospital data such as resuscitation volumes were incomplete in some cases. BP was automatically measured after the initial manual measurement. As automated measurements become less reliable with more profound hypotension, this method of measurement may have introduced a potential study bias. 24 -28 Vital signs were manually recorded by a trauma nurse at 15-minute intervals, a documentation method which may add another potential for bias if vital signs were selectively recorded.
In conclusion, single, isolated hypotensive BP measurements during trauma resuscitations should not be considered erroneous or dismissed. Instead, our results suggest that a single SBP Ͻ105 mm Hg measurement indicates the presence of severe injuries that often require immediate operative or endovascular treatment. Given the prevalence of injury in this patient population, our data further implies that early trauma team activation, aggressive utilization of diagnostic adjuncts, and close monitoring in a surgical ICU would benefit all patients with isolated SBP measurements Ͻ105 mm Hg.
Dr. C. William Schwab (Philadelphia, Pennsylvania): Mark, thanks very much for a nice paper and I want you to know that I agree with this but, having said that, this reminds me of the article that came out with John Holcomb in the Army actually asking the question if a blood pressure under 110 systolic predicted the need for immediate operation and transfusion. Perhaps it reflects on the deconditioning of the urban warrior.
But let me also ask just a few questions. In the penetrating group did you try to analyze, though your numbers were small, as to whether the pattern of injury and a lower blood pressure just once predicted therapeutic laparotomy or thoracotomy?
And then the second thing is because we practice in the same town with the same kind of clientele I would ask you why you didn't do a little bit more sophisticated of a retrospective search and look at substance abuse and the presence of substance and/or alcohol abuse as to whether that invalidated your findings. Thank you.
Dr. John R. Hall (Kingsport, Tennessee): I found it a very interesting paper but I do have a question. Your data is totally opposite from what the pediatric data shows: that the initial pressure or low pressure means nothing as long as the child is stable after resuscitation.
We have also found this with adults with liver and spleen injuries. How many of your "interventions" in the abdomen were liver or spleen injuries that probably could have been watched and not needed an intervention at all? And how many of your data were in children?
Dr. Thomas M. Scalea (Baltimore, Maryland): You described this as a prospective observational study. I assume that means that you had somebody in the Emergency Department 24-hours a day to collect this data as the clinicians certainly could not be doing it. If the nurses were really blinded, who did they think that person was?
Dr. Mark J. Seamon (Philadelphia, Pennsylvania): Yes, to answer Doctor Schwab's question first, were the patterns of injury and blood pressures correlating, we did stratify by different injury types. We did not, however, go back and look at individual pressures, blood pressures for those injury patterns, however.
In terms of substance abuse, yes, we actually, we did look at that along with anti-hypertensives. Each group had about a 30 to 40 percent abuse rate of either alcohol or elicit drugs. And very few patients actually came in anti-hypertensive, at least by their report.
How many had liver and spleen injuries, I don't have that exact data here. This was an adult-only study, though, from Ages 18 to 88 years of age.
And how did we collect the data. We had someone available about 16 hours a day. The other 8 hours were collected after that, after that shift. And I believe that was it. 
